Grafted fibrous polymer with quaternary amine groups could function as a highly-efficient catalyst for biodiesel fuel (BDF) production. In this study, the optimization of grafted fibrous polymer (catalyst) and transesterification conditions for the effective BDF production was attempted through a batch-wise transesterification of triglyceride (TG) with ethanol (EtOH) in the presence of a cosolvent. Trimethylamine was the optimal quaternary amine group for the grafted fibrous catalyst. The optimal degree of grafting of the grafted fibrous catalyst was greater than 170%. The optimal transesterification conditions were as follows: The optimal molar quantity of quaternary amine groups, transesterification temperature, molar ratio of TG and EtOH, and primary alkyl alcohol were 0.8 mmol, 80˚C, 1:200, and 1-pentanol, respectively. The grafted fibrous catalyst could be applied to BDF production using natural oils. Furthermore, the grafted fibrous catalyst could be used repeatedly after regeneration involving three sequential processes, i.e., organic acid, alkali, and alcohol treatments, without any significant loss of catalytic activity.
Introduction
The global energy consumption has increased every year and has more than doubled between 1970 and 2008 alyst, from both perspectives of the ease of amination and the catalytic performance. Second, the effects of the catalyst and transesterification conditions on the catalytic activity, transesterification speed, and production yield of BDF were elucidated by batch-wise transesterification of TG with EtOH in the presence of a cosolvent. Additionally, the effect of the type of natural oil on the transesterification yield and speed was investigated. Finally, the recyclability of the grafted fibrous catalyst and regeneration of the deactivated grafted fibrous catalyst were evaluated.
Experimental

Materials
Polyethylene-coated polypropylene (PE/PP) nonwoven fabric was supplied by Kurashiki Textile Manufacturing Co., Ltd. (Osaka, Japan) and used as a trunk polymer for BDF catalysts. The average fiber diameter of the PE/ PP nonwoven fabric was 13 μm. 4-Chloromethylstyrene (CMS; purity > 95%) was purchased from AGC Seimi Chemical Co., Ltd. (Kanagawa, Japan). Polyoxyethylene (20) sorbitan monolaurate (Tween 20), which was used as a nonionic surfactant for preparing the monomer emulsion, was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan), as were trimethylamine (TMA), triethylamine (TEA), tri-n-propylamine (TPA), tri-n-butylamine (TBA), triolein (purity > 60%), and oleic acid (purity > 80%). Sodium hydroxide, methanol, EtOH, 1-propanol, 2-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-octanol, 1-decanol, 1-dodecanol, acetonitrile, hexane, decane, linseed oil, beef tallow, and citric acid were supplied by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Rapeseed oil (51% erucic acid) and safflower oil (food-grade, 70% -80% linoleic acid) were purchased from MP Biomedicals, LLC. (CA, USA). Palm oil (32% -47% palmitic acid, 34% -44% oleic acid) was obtained from Spectrum Chemical Mfg. Corp. (NJ, USA). EtOH, 2-propanol, acetonitrile, and hexane were of HPLC grade and all other chemicals were of reagent grade unless otherwise stated. Deionized water obtained from a Milli-Q deionization system (Nihon Millipore K.K., Tokyo, Japan) was used directly for preparing the monomer emulsions and aqueous solutions.
Synthesis of Grafted Fibrous Catalyst for Biodiesel Fuel Production
Grafted fibrous catalyst for BDF production was synthesized by radiation-induced emulsion grafting technique, as published previously [18] . PE/PP nonwoven fabric was irradiated with electron beam (100 kGy). Then, the irradiated PE/PP nonwoven fabric reacted with a deaerated monomer emulsion, which was composed of 3 wt% CMS, 0.3 wt% tween 20 and 96.7 wt% deionized water, in a glass ampoule and was kept in water bath at 40˚C. Afterward, the CMS-grafted nonwoven fabric was recovered from the emulsion and washed repeatedly with water and then methanol to remove residual monomers and homopolymers. The amount of CMS grafted onto the PE/PP nonwoven fabric was evaluated by the degree of grafting (Dg [%]), which was calculated using the following equation:
where W 0 and W 1 are the dry weights of the PE/PP nonwoven fabrics before and after grafting, respectively. To introduce quaternary amine groups into the CMS-graft chains of CMS-grafted nonwoven fabric (catalyst precursor), the catalyst precursor was treated with 0.25 and 2.5 M amine-ethanol solutions at 60˚C for 24 h. To eliminate residual amine reagents, the aminated catalyst precursor was then washed with deionized water until it was neutral. The resultant aminated catalyst precursor is referred to as the grafted fibrous catalyst. The quaternary amine-group densities of the grafted fibrous catalysts were estimated by an analysis of their nitrogen content using an elemental analyzer (model: 2400 Series II CHNS/O elemental analyzer, PerkinElmer, Inc., MA, USA). The quaternary amine-group density of the grafted fibrous catalyst and degree of amination (Da [%]) of the CMS-graft chain are defined as follows:
Quaternary amine-group density [mmol-amine/g-catalyst] = (N/100)/14 × 1000, and 
Transesterification Procedure with Grafted Fibrous Catalyst
The catalytic performance of the grafted fibrous catalyst was evaluated by the transesterification of TG and alcohols under the following standard conditions, as published previously [18] . The transesterification tests were performed in a batch reactor equipped with a magnetic stirrer. The reactor was initially filled with 1.4 g (1.6 mmol) of triolein as a TG and 3.6 g (78 mmol) of EtOH as an alcohol, followed by the addition of 5.0 g of decane as a cosolvent in order to obtain a homogeneous phase. After stirring for 10 min, approximately 0.2 g of the pretreated grafted fibrous catalyst was immersed in the homogenous reaction solution, and the resultant mixture was heated to the reaction temperature (standard: 50˚C) while stirring at 600 rpm. The reaction time is set at zero when the grafted fibrous catalyst was added to the reaction solution. In a typical test, the molar ratio of TG to EtOH was 1:50, and the Dg, type of quaternary amine group, and amine group density of the grafted fibrous catalyst were ~300%, TMA, and 3.6 mmol-amine/g-catalyst, respectively. The molar ratio of TG to quaternary amine groups in the reaction mixture was fixed at 2:1, i.e., 0.8 mmol of quaternary amine group of the grafted fibrous catalyst was in the reaction mixture per test. At pertinent intervals, 0.1 mL aliquots were withdrawn from the reaction solution, quenched to room temperature, and diluted to 10 times the volume with 2-propanol/hexane (5:4, v/v) for compositional analysis. The effect of the molar ratio of TG to quaternary amine group (16:1 -2:1), type of quaternary amine group, reaction temperature (20˚C -80˚C), molar ratio of TG to EtOH (1:3 -1:500), type of alcohol, and reaction time on the conversion ratio of TG to biodiesel fuel were investigated in detail.
Compositional Analysis
The compositions of the collected samples were analyzed using high-performance liquid chromatography (HPLC), according to the separation conditions described by Holčapek et al. [26] . The HPLC system (Shimadzu, Kyoto, Japan) consisted of a pump (model: LC-20AD) with a quaternary gradient system, degasser (model: DGU-20A5), system controller (model: CBM-20Alite), sample injector (model: 7725i; Rheodyne, CA, USA) with a 1.0 μL sample reservoir, column oven (model: CTO-20AC), and UV-Vis detector (model: SPD-20A). System control and data processing were carried out using Shimadzu LC solution software. A reversed-phase C18 column (model: L-column ODS, column size: 2.1 mm i.d. × 150 mm long, particle diameter: 5 μm, Chemicals Evaluation and Research Institute, Tokyo, Japan) was used for separation. The compositional analysis was conducted with a quaternary mobile phase consisting of deionized water (solvent A), acetonitrile (solvent B), 2-propanol (solvent C), and hexane (solvent D). The quaternary gradient elution program was as follows: 30% A + 70% B at 0 min, 100% B at 5 min, 50% B + 27.8% C + 22.2% D at 10 min, and isocratic elution with 50% B + 27.8% C + 22.2% D for the last 5 min. The flow rate was set at 1.0 mL/min, the effluent was monitored at 205 nm, and the column temperature was maintained at 40˚C. The conversion ratio of TG to BDF was calculated from the rate of change of the total HPLC peak areas for TG before and after transesterification.
Results and Discussion
Effect of Type of Quaternary Amine Groups on Catalytic Performance
To produce BDF using grafted fibrous catalyst, OH − ions, which were chemically immobilized on the grafted fibrous catalyst, are the actual catalytic elements, while the polymer matrix acts as a scaffold to immobilize these ions. Although OH − ions can be easily immobilized onto the grafted fibrous catalyst by interionic interaction with the cationic functional groups such as a quaternary amine group, it is considered that the type of quaternary amine group has possibility to have a significant influence on the catalytic performance. In order to select the best quaternary amine group of grafted fibrous catalyst, we discussed the effects of four types of amines with different alkyl chain lengths, such as TMA, TEA, TPA, and TBA, from both perspectives of the reactivity with CMS-grafted chains and the catalytic performance.
A CMS-grafted nonwoven fabric with 170% Dg was used as the catalyst precursor, and each amine concentration was fixed at 0.25 M. As expected, the quaternary amine-group density increased with increasing reaction time, and TMA, which has the shortest alkyl chain length, exhibited the highest reactivity toward the CMS-graft chains. As shown in Figure 1 , amination with 0.25 M TMA began immediately and completed within 1 h; the quaternary amine-group density and Da reached 3.0 mmol-TMA/g-catalyst and 93%, respectively. However, other amine reagents with longer alkyl chain lengths, such as TEA, TPA, and TBA, were less reactive because of the increased steric hindrance of the amine compounds. Amination of the CMS-graft chains did not completely finish even after 24 h of amination with 0.25 M amine solution; the Da for the products of the reactions with TEA, TPA, and TBA were 81%, 63%, and 65%, respectively. To enhance these values, the CMS-grafted nonwoven fabric was treated with 2.5 M TEA-, TPA-, and TBA-EtOH solutions. After 24 h of amination with 2.5 M TEA, TPA, and TBA, Da values of 91%, 85%, and 88%, respectively, were achieved. These values are comparable to that for TMA. However, longer alkyl chain lengths of the amine compounds led to reduced quaternary amine-group densities per gram of grafted fibrous catalysts, even when the Da values for each amine were comparable to that of TMA. As denoted in Figure 1 , the quaternary amine-group density for each amine reached 2.6 mmol-TEA/g-catalyst, 2.2 mmol-TPA/g-catalyst, and 2.0 mmol-TBA/g-catalyst after 24 h of amination. The effect of the Dg of the CMS-grafted nonwoven fabric on amination was also investigated, and it was found that the Dg value did not significantly influence the Da: The Da values after 1 h of amination with 0.25 M TMA were almost constant at 93%, regardless of the Dg. The quaternary amine-group densities were 2.6, 3.3, 3.6, and 3.8 mmol-TMA/g-catalyst for Dg values of 100%, 200%, 300%, and 400%, respectively.
Next, the effect of the type of immobilized quaternary amine groups on the catalytic activity was investigated; these results are given in Figure 2 . As described in Section 2.3, transesterification was conducted in batch mode, Figure 1 . Effect of the type of amine reagents on the quaternary amine-group density of CMS-grafted nonwoven fabric. and the molar quantity of quaternary amine groups of each catalyst in the reaction mixture was fixed at 0.8 mmol. As is evident from Figure 2 , each catalyst exhibited similar catalytic activity toward BDF production regardless of the type of quaternary amine groups, and hence steric bulk, and transesterification proceeded with all the grafted fibrous catalysts. The conversion ratios of TG using TMA-, TEA-, TPA-, and TBA-type fibrous catalysts were 93%, 93%, 90%, and 90%, respectively, after 4 h of transesterification. The similarity of the transesterification speeds is attributed to the function of the quaternary amine groups, i.e., as a scaffold to immobilize the OH − ions that are the actual catalytic elements; therefore, the quaternary amine groups were not directly involved in transesterification. From the results of the amination of CMS-grafted nonwoven fabric and the effect of the type of quaternary amine groups on the catalytic activity, we concluded that TMA is the optimal quaternary amine group for the grafted fibrous catalyst because it is the smallest trialkylamine and thus could easily be immobilized onto the CMS-graft chains. The order of reactivity of the trialkylamines for the amination of CMSgraft chains was TMA >> TEA > TPA > TBA.
Effect of Catalyst Conditions on Catalytic Performance
The yield and rate of BDF production were greatly dependent on the catalyst conditions such as the Dg value, the shape and the fiber diameter of the grafted fibrous catalyst, and the transesterification conditions including the molar quantity of quaternary amine groups in the reaction mixture, transesterification temperature, molar ratio of TG to EtOH in the reaction mixture, type of alcohol, and so on. In this section, the effects of the catalyst conditions on catalytic performance were investigated.
First, the effects of the Dg value of the grafted fibrous catalyst on the catalytic activity and yield were investigated. In this experiment, the Dg of the grafted fibrous catalyst was controlled within a range up to 400%, and the molar quantity of TMA in the reaction mixture was 0.8 mmol per test. The other conditions were the same as the typical conditions described in Section 2.3. Regardless of the Dg value, each catalyst exhibited almost the same catalytic activity toward BDF production, except in the case of the grafted fibrous catalysts with 80% Dg or less. The TG conversion ratios using catalysts with 80%, 170%, 200%, 300%, and 400% Dg reached 70%, 87%, 91%, 93%, and 89%, respectively, after 4 h of transesterification. The decline in the transesterification efficiency of grafted fibrous catalyst with less than 80% Dg is attributed to the large volumes of these catalysts, which are sterically bulky, required to introduce 0.8 mmol of TMA into the reaction system. As a result, part of the grafted fibrous catalyst was not immersed in the reaction mixture during transesterification. Based on these results, we concluded that the optimal Dg value of the grafted fibrous catalyst to achieve effective transesterification was greater than 170%. The TMA group density of 170% Dg is 3.1 mmol-TMA/g-catalyst.
The fiber diameter of the grafted fibrous catalyst is also an important factor that affects the catalytic activity; accordingly, the relationship between the fiber diameter of the grafted fibrous catalyst and catalytic activity was examined. In this test, four types of grafted fibrous catalysts with different fiber diameters (i.e., 26, 39, 47, and 67 μm) were used. The grafted fibrous catalysts with different fiber diameters were prepared by controlling the fiber diameter of the nonwoven fabric to be 13, 19, 24, and 34 μm. The Dg and quaternary amine-group density of all grafted fibrous catalysts were fixed at approximately 300% and 3.6 mmol-TMA/g-catalyst, and the other conditions were the same as the typical conditions described in Section 2.3. Each catalyst exhibited almost the same catalytic activity toward BDF production regardless of the fiber diameter of the grafted fibrous catalyst, although the fiber diameter of the trunk polymer had a significant influence on the grafting efficiency. During emulsion grafting, trunk polymers with finer fibers had a larger specific surface area, which increased the speed and efficiency of the graft polymerization. A similar result was reported by Basuki et al. [27] . In contrast, during transesterification, the molar quantity of TMA in the reaction mixture was more important than the specific surface area because the reactants could be easily and immediately transported to the functional groups by the convective flow of the reaction mixture. Based on these results, the fiber diameter of the grafted fibrous catalyst did not significantly influence the catalytic activity. The conversion ratios of TG using the catalysts with fiber diameters of 26, 39, 47, and 67 μm were 93%, 92%, 88%, and 90%, respectively, after 4 h of transesterification.
Effect of Transesterification Conditions on Catalytic Performance
The effect of the molar quantity of quaternary amine group on the transesterification rate was investigated; these results are shown in Figure 3 . In this experiment, the molar quantities of quaternary amine groups varied from 0.1 to 0.8 mmol TMA, and the other conditions were the same as the typical conditions described in Section 2.3.
As expected, the transesterification rate increased with increasing molar quantity of TMA in the reaction mixture, and the conversion ratios of TG using 0.1, 0.2, 0.4, and 0.8 mmol TMA reached 27%, 48%, 76%, and 93%, respectively, after 4 h of transesterification. In this experiment, we concluded that the optimal molar quantity of quaternary amine groups (i.e., TMA) to achieve effective transesterification was 0.8 mmol per test.
Furthermore, the effect of the transesterification temperature on the transesterification rate of the grafted fibrous catalyst was studied in detail, and the results are shown in Figure 4(a) . For comparison, the results for commercial granular anion exchange resin are provided in Figure 4(b) . DIAION PA306S (Mitsubishi Chemical Co., Ltd., Tokyo, Japan) was used as the commercial granular anion exchange resin with TMA quaternary amine groups at a density of 4.2 mmol-TMA/g-dry resin with a particle diameter of 150 to 425 µm. In this experiment, the transesterification temperature was controlled within the range of 20˚C to 80˚C and TMA-type grafted fibrous catalyst was used. The other conditions were the same as the typical conditions described in Section 2.3. As indicated in Figure 4 , although both the grafted fibrous catalyst and commercial granular resin exhibited good catalytic activities at all investigated transesterification temperatures, the transesterification rate of the grafted fibrous catalyst was faster than that of DIAION PA306S at all temperatures. As expected, higher transesterification temperatures led to faster transesterification rates for both catalysts. In particular, the transesterification was remarkably accelerated at high temperatures for the grafted fibrous catalyst. As seen in Figure 4(a) , in the case of the grafted fibrous catalyst, about 3 h of transesterification was required to convert 90% of the initial TG into BDF at 50˚C. In contrast, at 80˚C, the required time to achieve a conversion ratio of 90% was only 40 min, which is less than one fourth the time required at 50˚C. Based on these results, higher reaction temperatures resulted in more effective and efficient transesterification and, therefore, the grafted fibrous catalyst could dramatically reduce the time required for BDF production than the granular resin. The ratio of TG to alcohol in the reaction mixture is also known to be a controlling factor for BDF production. Therefore, the effects of the molar ratio of TG to EtOH in the reaction mixture on the transesterification yield and rate were investigated; the results are given in Figure 5 . In this experiment, the molar ratios of TG to EtOH were adjusted to 1:3, 1:10, 1:25, 1:50, 1:100, 1:200, and 1:500, which corresponded to TG/EtOH volume ratios of 1:0.2, 1:0.6, 1:1.5, 1:3, 1:6, 1:12, and 1:30, respectively. The other conditions were the same as the typical conditions described in Section 2.3. As denoted in Figure 5 , the molar ratio of TG to EtOH had a significant influence on the transesterification yield and rate: Transesterification was accelerated in the presence of excess EtOH. The transesterification times required to convert 90% of the initial TG into BDF were 4.47, 3.18, 2.09, 1.51 and 1.56 h for TG/EtOH molar ratios of 1:25, 1:50, 1:100, 1:200 and 1:500, respectively. TG/EtOH molar ratios of 1:3 and 1:10, the conversion ratio did not reach 90% even after 50 h. There are two potential reasons for these phenomena: One is that the EtOH in the reaction mixture was vaporized by heating during transesterification, and the other is that the relatively low volume proportion of EtOH to TG in the reaction mixture resulted in heterogeneous dispersion of the EtOH. The TG/EtOH molar ratios of 1:3 and 1:10 were corresponded to the TG/EtOH volume ratios of 1:0.2 and 1:0.6, respectively. In contrast, when the percentage of EtOH in the reaction mixture was significantly high, as at a TG/EtOH molar ratio of 1:500, EtOH diluted the reaction mixture and thereby hindered the rate of transesterification. Based on these results, the optimal molar ratio of TG and EtOH in the reaction mixture for the fastest BDF production was 1:200.
Finally, the effects of the type of alcohol on the transesterification yield and speed were investigated. In this test, nine primary alcohols with different linear alkyl chain lengths, i.e., 1 to 12 carbon atoms, were used; these were methanol (C1), EtOH (C2), 1-propanol (C3), 1-butanol (C4), 1-pentanol (C5), 1-hexanol (C6), 1-octanol (C8), 1-decanol (C10), and 1-dodecanol (C12). The molar ratio of TG to primary alkyl alcohol was fixed at 1:50, and the other conditions were the same as the typical conditions described in Section 2.3. Figure 6 shows HPLC chromatograms of the BDF samples produced from 30 min of transesterification of triolein with each alcohol, and the conversion ratio of TG with each alcohol is plotted versus the transesterification time in Figure 7 . As shown in Figure 6 , BDF was produced regardless of the primary alkyl alcohol used; therefore, the grafted fibrous catalyst is applicable to transesterification of TG with a variety of alcohols. Furthermore, the peaks corresponding to BDF gradually shifted to longer retention times as the alkyl chain length of the primary alkyl alcohol increased; this is attributed to the differences in the structures (and hydrophobicity) of the produced BDF, and demonstrated that differed BDFs were produced from different types of alcohol. As can be seen from Figure 7 , the yield and speed of BDF production varied depending on the type of primary alkyl alcohol: The conversion ratios of TG using C1, C2, C3, C4, C5, C6, C8, C10, and C12 were 8%, 30%, 73%, 79%, 81%, 76%, 75%, 74%, and 48%, respectively, after 30 min of transesterification. These results indicate that transesterification is acelerated when more hydrophobic (i.e., lipophilic) primary alkyl alcohols were used. However, as is evident from the results of using C12, very hydrophobic alcohols resulted in slower transesterification than primary alkyl alcohols with moderate hydrophobicity, such as C4, C5, and C6. Furthermore, transesterification using C12 slowed significantly at the conversion ratio of about 55% during the first 1 h; afterward, transesterification progressed gradually to reach a conversion ratio of 64% after 24 h. This decline in transesterification yield is attributed to the primary alkyl alcohol being too hydrophobic to react with the OH − ions, which are highly hydrophilic, although highly hydrophobic alcohols are highly miscible with TG. In contrast, when primary alkyl alcohols with shorter alkyl chains, such as C1, were used, phase separation occurred before and after transesterification, even if a cosolvent such as decane was added to improve the uniformity of the reaction solution. This phase separation is attributed to the immiscibility of TG and C1. As a result, as shown in Figure 7 , the trancesterification speed using methanol was very slow, because the reaction occurred only at the interface between the TG and C1 layer. The conversion ratio of TG using C1 reached 96% after 24 h of transesterification. To increase the miscibility of the two compounds, Tang et al. suggested that higher pressure and temperature are needed [28] . Based on the above results, the structure of BDF and transesterification speed could be controlled to some extent by the type of alcohol used. In this study, the primary alkyl alcohol that enabled the fastest production of BDF was C5, and the order of transesterification speed was C1 << C2 << C3 < C4 < C5 > C6 > C8 > C10 >> C12.
BDF Production from Vegetable Oils and Animal Fat
From the above experimental results, it was elucidated that the grafted fibrous catalyst shows good activity for BDF production from TG with an alcohol. To enable practical use of the grafted fibrous catalyst, it must adapt to a wide variety of feed oils such as natural vegetable oils, animal fats, and waste oils, which contain different types of TGs [29] [30] , in addition to the reagent-grade triolein used in this study. Thus, the effect of the type of natural oil on the transesterification yield and speed was investigated. In this test, four types of vegetable oils, i.e., linseed oil, safflower oil, rapeseed oil, and palm oil, and one type of animal fat, i.e., beef tallow, were used. EtOH was used as the primary alkyl alcohol, and the reaction mixture was composed of 1.4 g of natural oils, 3.6 g of EtOH, and 5.0 g of decane. The other conditions were the same as the typical conditions described in Section 2.3. Figure 8 shows the HPLC chromatograms of the BDF samples produced using the different types of natural oils before and after 4 h of transesterification. In the chromatograms of the natural oils, many peaks Figure 8 . BDF production from vegetable oils and animal fat using grafted fibrous catalyst. derived from TG, which was contained in the natural oils, were observed before transesterification, unlike in the chromatogram of reagent-grade triolein. Although the transesterification speed differed according to the type of natural oil, the conversion ratios for all the natural oils were greater than 90% after 4 h of transesterification. The conversion ratios for linseed oil, safflower oil, rapeseed oil, palm oil, and beef tallow were 92%, 98%, 97%, 97%, and 93%, respectively, after 4 h of transesterification. Based on these results, it is evident that the grafted fibrous catalyst is applicable for BDF production from many types of natural oils.
Repeated-Use Stability and Regeneration of Grafted Fibrous Catalyst
Repeated-use stability and ease of regeneration are important aspects of the grafted fibrous catalyst for the production of large amounts of BDF and extended use of the catalyst. Firstly, the repeated-use stability of the grafted fibrous catalyst was evaluated by repeated transesterification of triolein with EtOH, and the immutability of the catalytic activity for each transesterification experiment was monitored. In this test, the grafted fibrous catalyst was only washed with EtOH after each transesterification. The molar ratio of TG to EtOH was fixed at 1:200, and the other conditions were the same as the typical conditions described in Section 2.3. As shown in Figure 9 , the catalytic activity of the grafted fibrous catalyst gradually decreased with increasing number of transesterification reactions. There are two main reasons for this decay of catalytic activity: One is the removal of OH − ions from the grafted fibrous catalyst, and the other is contamination of the quaternary amine groups by oleate ions, which are catalytically inactive. Oleate ions are generated during the transesterification process by a direct ion-exchange reaction of the OH − ions, which were immobilized onto the graft chains, with the oleic acid group of triolein, diolein, or monoolein. In the presence of organic acid ions, the counterion of the quaternary amine group that was introduced into the graft chain is easily replaced with an organic acid ion instead of a OH − ion. Additionally, rate of decrease of the catalytic activity was not steady: A rapid decrease was observed after the 8 th and subsequent transesterifications. The transesterification times required to convert 90% of the initial TG into BDF were 0.99, 1.00, 1.04, 1.10, 1.18, 1.32, 1.44, 1.97, 2.90 and 12.00 h for the first ten reactions. At the 11 th reaction, the catalytic activity of the grafted fibrous catalyst was almost negligible; thus, the conversion ratio only reached 9%, even after 24 h of transesterification.
Next, the deactivated grafted fibrous catalyst was regenerated, according to the procedure described by Shibasaki-kitakawa et al. [12] . The regeneration process consists of the following three steps: 1) Washing with 0.25 M citric acid solution (solvent: EtOH) to desorb the organic acid ions that cover the active sites, i.e., the quaternary amine groups, of the grafted fibrous catalyst, 2) regenerating with 1 M NaOH aqueous solution to replace the citric acid ions, which formed ionic bonds with the quaternary amine groups, with OH − ions and washing with deionized water, and 3) washing with EtOH to restore the initial swelled condition. When the deactivated grafted fibrous catalyst was treated with the first and third steps and only the third step, the catalytic activities of Figure 9 . Repeated-use stability and regeneration of grafted fibrous catalyst. each grafted fibrous catalyst did not recover their original state. The conversion ratios of each grafted fibrous catalyst were almost zero, even after 24 h of transesterification. When the deactivated grafted fibrous catalyst was treated with the second and third steps, the catalytic activity of the grafted fibrous catalyst partially recovered: The conversion ratio after 1 h of transesterification was 25%, which is equivalent to about one-fourth of the original ratio (90% after 1 h of transesterification). Also, the transesterification reaction almost stopped after 4 h, and the conversion ratio after 4 h was about 43%. However, when the deactivated grafted fibrous catalyst was treated with all three steps, the catalytic activity of the grafted fibrous catalyst almost completely recovered to its original state:
The transesterification times required to convert 90% of the initial TG into BDF were 0.99 and 0.99 h for the 1 st and 12 th reactions, respectively. The conversion ratio and transesterification speed of the regenerated grafted fibrous catalyst almost overlapped with those of the unused grafted fibrous catalyst. As shown in Figure 9 , the grafted fibrous catalyst could be used repeatedly, although the catalytic activity of the regenerated grafted fibrous catalyst gradually decreased with increasing number of transesterification reactions, as was the case with the unused grafted fibrous catalyst. Additionally, the regenerated grafted fibrous catalyst did not suffer significant physical or chemical damage, even after several transesterification-regeneration cycles. Based on these results, it is evident that the grafted fibrous catalyst could be used up to ten times without any proper regeneration and the BDF production capacity per gram of the grafted fibrous catalyst with 3.6 mmol-TMA/g-catalyst was 70 g because the weight ratio of triolein to grafted fibrous catalyst in the reaction mixture was fixed at ~7:1 (1.4 g/0.2 g) per test. Furthermore, it was confirmed that the three sequential regeneration processes, which involved organic acid, alkali and alcohol treatments, were required to completely recover the catalytic activity of the deactivated grafted fibrous catalyst. Also, the grafted fibrous catalysts are sufficiently stable for repeated use and sufficiently durable for long-term use.
Conclusion
TMA is the optimal quaternary amine group for the grafted fibrous catalyst from both perspectives of the ease of amination and the catalytic performance, although the various types of quaternary amine groups with different alkyl chain lengths could be introduced into the CMS-graft chains. The optimal Dg value of the grafted fibrous catalyst to achieve effective transesterification was greater than 170%, andthe quaternary amine-group density of 170% Dg is 3.1 mmol-TMA/g-catalyst. Additionally, the transesterification temperature, molar ratio of TG to EtOH, and type of alcohol significantly influenced the transesterification efficiency, as did the molar quantity of quaternary amine groups in the reaction mixture. The optimal molar quantity of quaternary amine groups, transesterification temperature, molar ratio of TG and EtOH, and primary alkyl alcohol were 0.8 mmol, 80˚C, 1:200, and 1-pentanol, respectively. The grafted fibrous catalyst could be applied to BDF production using any type of natural oil as the starting oil. The grafted fibrous catalyst could be used ten times without any proper regeneration, and the BDF production capacity per gram of the grafted fibrous catalyst was ~70 g. The deactivated grafted fibrous catalyst could be recovered to its initial state by three sequential regeneration processes, including organic acid, alkali, and alcohol treatments, without any significant loss of the catalytic activity. Based on these results, the grafted fibrous catalyst, which has sufficient catalytic activity, efficient BDF production capacity, and high repeated-use stability for practical application in BDF production, will contribute to the feasibility of environmentally friendly energy resources, reduce the dependence on petroleum, and improve global environment preservation in the near future. Furthermore, we are firmly convinced that this new type of catalyst will encourage the dissemination of radiation processing and create new possibilities for radiation research.
